Purpose: To assess the appearance of Bruch 0 s membrane (BM) in axially elongated eyes. Methods: The light-microscopical investigation included histological anteriorposterior sections of human eyes. Using a light microscope, we assessed whether BM in the posterior segment was straight or locally corrugated. Corrugation of BM was defined as an elevation of BM with a height >20 lm over a basis of 50 lm without collateral proliferations of retinal pigment epithelium or choroidal swelling. Results: The investigation included 85 eyes (age: 62.0 AE 14.1 years; axial length: 26.7 AE 3.5 mm). In multivariate analysis, the presence of a corrugated BM, detected in eight eyes (9.4%), was strongly associated with the presence of macular BM defects [p = 0.001; odds ratio (OR): 418; 95% confidence interval (CI): 1 215 000], but not with axial length (p = 0.54). Bruch 0 s membrane (BM) corrugation was detected in seven (54%) of 13 eyes with macular BM defects. The single eye with BM corrugation and without macular BM defect showed the corrugated BM located in the parapapillary region at the peripheral end of a large parapapillary gamma zone. Conclusion: Bruch 0 s membrane (BM) corrugation can be present in the vicinity of macular BM defects in highly myopic eyes, perhaps due to differences in the tension within BM in various regions at the margin of the BM defect. Bruch 0 s membrane (BM) corrugation may also develop at the papillary end of BM in eyes with a large parapapillary gamma zone, potentially due to a disinsertion of BM at the end of the peripapillary choroidal border tissue of Jacoby. The observation of BM corrugation may help elucidating the aetiology of axial myopia.
Introduction
Bruch 0 s membrane (BM) forms the barrier between the retina, in which the tissue is tightly arranged with little intercellular space, and the spongy, inflatable and hyperoncotic choroid with fenestrated blood vessels in the choriocapillaris. Bruch 0 s membrane (BM) is composed of the basal membrane of the retinal pigment epithelium on its inner side, a collagenous layer, elastic layer and collagenous layer, and the basal membrane of the choriocapillaris on its outer side. Recent studies have suggested that the functions of BM may include not only serving for the spatial separation between the retinal space and the choroidal compartment but that BM may also have biomechanic functions for supporting the form and shape of the globe (Jonas et al. 2017a) . Other clinical and histological studies have shown that markedly axially elongated eyes can show defects in BM in the macular region Ohno-Matsui et al. 2016) . The prevalence of these macular BM defects was associated with longer axial length and a larger parapapillary gamma zone and delta zone . In this study, we revisited the light-microscopical appearance of BM in myopic eyes with or without macular BM defects.
Materials and Methods
The study included enucleated globes of Caucasian patients whose globes had been enucleated because of a malignant choroidal melanoma and or end-stage painful glaucoma. The investigation was approved by the Medical Ethics Committee II of the Medical Faculty Mannheim of the Ruprecht-Karls-University Heidelberg. As the globes had been enucleated up to 50 years before the study began, the ethics committee decided that an informed consent by the patients was not needed. At the time of enucleation of the eyes, no other medical therapeutic modalities were available to treat the conditions which were the cause for enucleation. Some of the eyes included into this study had already been included in previous investigations on different topics (Jonas et al. 2011 (Jonas et al. , 2014a . Immediately after enucleation, the globes were fixed in a solution of 4% formaldehyde and 1% glutaraldehyde. They remained in the fixative at room temperature for 1 week. The sagittal, vertical and horizontal diameter of the globes was measured using a vernier caliper or similar instrument. The readings were rounded. A segment running through the optic nerve head and the pupil was cut out of the fixed globes, dehydrated in alcohol, imbedded in paraffin, sectioned for light microscopy and stained by the Periodic acid-Shiff method or with haematoxylin and eosin. The meridional orientation of the segment depended on the location of the tumour in the group of eyes with a malignant choroidal melanoma. In all other globes, the direction of sectioning was horizontal. For all eyes, one section with a thickness of 8 lm and which ran through the central part of the pupil and optic nerve head was taken for further evaluation.
Using a light microscope, we examined BM for continuity and regularity. A defect in BM was defined as any fullthickness interruption of BM outside of the optic nerve head region (in which BM has a physiological defect, corresponding to the papillary BM opening). Corrugation of BM was defined as an elevation of BM with a height of at least 20 lm over a basis of 50 lm without collateral choroidal swelling (Figs 1-3 ). In particular, the inner surface of BM had to be free of any proliferated retinal pigment epithelium such as found in eyes with a disciform macular scar due to a haemorrhagic myopic maculopathy (or as also found in eyes with a disciform macular scar due to exudative age-related macular degeneration). Reason for the exclusion of such eyes was that the scar might have contracted the underlying BM leading to a corrugated appearance of BM.
Using the in-built millimetre scale in the objective of the microscope, we additionally measured the thickness of BM, the length of parapapillary alpha zone (BM with irregular retinal pigment epithelium), length of parapapillary beta zone (defined as length of parapapillary BM free of retinal pigment epithelium) and parapapillary gamma zone (length of thes parapapillary region free of BM; Jonas et al. 1991 Jonas et al. , 2011 Jonas et al. , 2013 Jonas & Budde 2000) .
Using a statistical software program (SPSS for Windows, version 22.0; IBM SPSS, Chicago, IL, USA), we assessed the mean values, standard deviations and 95% CI of the main outcome parameter (i.e. prevalence of corrugated BM) and associations between the main outcome parameter and other parameters, first in a univariate analysis, followed by a multivariate analysis. We calculated the OR and the 95% CI. The level of significance was 0.05 (twosided) in all statistical tests.
Results
The study consisted of 85 eyes of 85 patients (50 women) with a mean age of 62.0 AE 14.1 years (range: 37-87 years) and a mean sagittal length of 26.7 AE 3.5 mm (range: 21.0-37.0 mm). Among the total study population, 39 eyes were highly myopic (defined as axial length ≥26.5 mm). The mean horizontal globe diameter was 23.8 AE 1.7 mm, and the mean vertical globe diameter was 23.7 AE 1.6 mm.
A corrugated BM was detected in eight (9.4%) of the 85 eyes. The eyes with a corrugated BM as compared to the eyes without corrugated BM were significantly longer (28.6 AE 1.9 mm versus 26.5 AE 3.6 mm; p = 0.02), and did not differ in age (62.7 AE 17.9 years, 62.7 AE 17.9 years; p = 0.95; Table 1 ; Fig. 4 ). The presence of glaucomatous optic neuropathy did not differ significantly (p = 0.58) between the eyes with a corrugated BM as compared to the eyes without corrugated BM. In a similar manner, the plane of the histological cut did not differ significantly (p = 0.62) between both groups, with a horizontal orientation of the histological section in the non-tumour eyes and orientation of the histological section according to the tumour location in the eyes with uveal melanoma.
The presence of corrugated BM was significantly (p < 0.001; OR: 82.8; 95% CI: 8.7, 790) associated with the presence of macular BM defects (Fig. 5) . A corrugated BM was present in seven (54%) of 13 eyes with macular BM defects and in one (1%) of 72 eyes without macular BM defects. The single eye, in which BM was corrugated in the absence of a macular BM defect, showed the corrugated BM in the parapapillary region, with one end of the corrugated part of BM forming the papillary end of BM. This eye with an axial length of 27 mm showed a large parapapillary gamma zone with a width of 240 lm, that is the papillary end of BM had a distance of 240 lm from the optic disc margin defined as the peripapillary border tissue of the peripapillary scleral flange (Jonas et al. 2014a) . In all other eyes with corrugated BM, the corrugated part of BM was located at the edge of a BM defect.
The presence of corrugated BM was not significantly associated with the length of parapapillary alpha zone (p = 0.17), parapapillary beta zone (p = 0.82) and gamma zone (p = 0.18), although gamma zone length was significantly correlated with a higher prevalence of macular BM defects (p = 0.004).
In multivariate regression analysis, the presence of corrugated BM was significantly associated only with the presence of macular BM defects (p = 0.001; OR: 418; 95%CI: 12, 15 000), while axial length was no longer significantly associated (p = 0.54).
Discussion
Our histological study revealed the presence of a corrugated BM in some markedly axially elongated eyes. In seven of eight eyes with a corrugated BM, the corrugated BM was located in the vicinity of a macular BM defect, while in one eye it was located at the papillary end of BM in an axially elongated eye with a large gamma zone with a length of 240 lm.
The findings obtained in our study cannot be compared with the results obtained in other studies as it is the first description of a corrugated BM. The observation that in seven of eight eyes the corrugated BM was located at the margin of a macular BM defect suggests that the discontinuity of BM in the area of the macular BM defect may have led to a local decrease in the tension on BM at the defect 0 s margin, so that BM at that location was no longer straight but undulated.
The findings obtained in our study may be discussed in the context of findings obtained in recent studies which reassessed the role BM may play in the process of emmetropization and myopization. Studies have shown that axial elongation was associated with a thinning of the sclera and choroid in the posterior half of the globe. This scleral and choroidal thinning was most marked at the posterior pole and was accompanied by a decreased density of retinal pigment epithelium cells and a thinning of the retina in the periphery. In contrast, the density of retinal pigment epithelium cells and retinal thickness in the macular region and BM thickness in all fundus regions was mostly independent of axial elongation (Heine 1899; Jonas et al. 2014b Jonas et al. , 2015 Jonas et al. , 2016a Jonas et al. ,b, 2017a . The location of the afferent (sensory) part in the feedback process of emmetropization has been discussed to be in the equatorial and retro-equatorial region (Smith et al. 2010; Berntsen et al. 2013; Benavente-P erez et al. 2014) . It led to the assumption that axial elongation occurred by production of BM in the retro-equatorial region (Jonas et al. 2017a ). The production of BM and increase of its surface area in the retro-equatorial region led to a decrease in the density of the retinal pigment epithelium cells and a thinning of the retina with increasing axial elongation. In the macular region, thickness and length of BM in the macular region were independent of axial length and axial elongation. Correspondingly, the density retinal pigment epithelium cells in the macular region and thickness of the macular retina were independent of axial length. These findings led to the hypothesis, that BM has biomechanical properties and may be the primary driver in axial elongation. Fitting with this hypothesis, recent investigations have suggested that the biomechanical strength of BM is as such that BM could resist an intraocular pressure of approximately 80 mmHg or more before bursting (Michael Girard, Singapore; personal communication). The corrugated form of BM close to a macular BM defect also raises the question on the biomechanical properties of BM. Preliminary recent studies by Girard and co-workers suggested that the tangent modulus of BM was approximately similar to the tangent modulus of the sclera if the difference in thickness between BM and sclera was taken into account (Michael Girard, Singapore; personal communication). It indicated that BM was not elastic but kept its shape or it ruptured under conditions of increased stress and strain. These early findings might explain or suggest that macular BM defects were not the sequel of a thinning of macular BM but were the consequence of an increased tension within BM, which either withstood the tension or ruptured. If BM in the macular became ruptured and a macular BM defect developed and if the tension in BM then differed between the regions at the defect margin, the region with the least tension might have developed a corrugation of BM.
In one eye, the BM corrugation was detected at the papillary end of BM in a highly myopic eye with a relatively large parapapillary gamma zone. In normal eyes, the papillary end of BM is usually connected with the end of the peripapillary choroidal border tissue of Jacoby, which separates the choroidal space from the intrapapillary space of the optic nerve head (Jacoby 1905; Jonas et al. 2014a ). In eyes with axial elongation, the optic disc-fovea distance elongates by the development and enlargement of parapapillary gamma zone which is a zone free of BM, while the length of BM in the posterior segment does not elongate. The development of parapapillary gamma zone causes a temporal dislocation of the merging point of the peripapillary choroidal border tissue of Jacoby with BM and indirectly an elongation and thinning of the border tissue. One may discuss that the connection between the papillary end of BM and the elongated and thinned border tissue of Jacoby ruptured in the eye with a corrugated BM at the papillary end of BM. It would have led to a loosened BM end. Besides a macular BM defect, a disconnection of the papillary end of BM from the border tissue of Jacoby might be another reason for the development of a corrugation of BM. Bruch 0 s membrane (BM) can be visualized by optical coherence tomography (OCT; Mon es et al. 2012; Ooto et al. 2014; Ohno-Matsui et al. 2016) . Clinical studies have shown that the papillary end of BM as margin of the physiological papillary BM opening at the optic nerve head can clearly be detected on OCT images (Dai et al. 2013; Vianna et al. 2016) . Other clinical investigations demonstrated the presence of macular BM defects in highly myopic eyes (Ohno-Matsui et al. 2016) . Future clinical studies may address whether a corrugation of BM can also be visualized in vivo by OCT in highly myopic patients.
Besides in highly myopic eyes, BM defects have been detected intravitally in eyes with a toxoplasmotic retinochoroidal scar (Or efice et al. 2013; Jonas & Panda-Jonas 2016) . Optical coherence tomographic images showed a collateral localized posterior scleral staphyloma if the toxoplasmotic BM defect was located in the macular region. A corrugation of BM at the end of the BM defect could however not be seen on the optical coherence tomographic images. The edges of the physiological defect of BM at the level of the optic nerve head are fixed by the peripapillary border tissue of Jacoby and Elschnig with the peripapillary scleral flange. These peripapillary border tissues may tauten BM and may thus prevent a corrugation of BM at the edge of the optic nerve head BM defect, unless the connection between BM and the border tissue of Jacoby may be ruptured as discussed above.
When results of our study are discussed, its limitations should be considered. First, it was a histological study on human eyes enucleated for diseases such as malignant choroidal melanoma or painful end-stage glaucoma. The results obtained in our study may therefore not be generalizable on eyes without these diseases however they may present a proof of principle that some highly myopic eyes can develop a corrugation of BM. Second, serial sections of the globes were not available so that it could not be assured that the section was located exactly in centre of the optic disc. It was, however, not necessary for the purpose of the present study to have a slide running exactly through the disc centre, as it was not the aim of the study to measure the optic nerve head or to assess the prevalence of BM corrugations. Third, it might also have been possible that BM corrugations had been detected more frequently if more sections had been analysed. Due to the shortage of histological sections, it was however not possible to analyse more sections. Fourth, post-mortem swelling of the tissue after enucleation and tissue shrinkage due to the histological preparation might have influenced the measurements so that the figures measured in our investigation did not represent the real intravital dimensions.
In conclusion, BM corrugation can be present in the vicinity of macular BM defects in highly myopic eyes, perhaps due to differences in the tension within BM in various regions at the margin of the BM defect, and BM corrugation can develop at the papillary end of BM in eyes with a large parapapillary gamma zone, potentially due to a disinsertion of BM at the end of the peripapillary choroidal border tissue of Jacoby. Bruch 0 s membrane (BM) corrugation may be added to the panoply of features of myopic maculopathy.
